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2Text:
Active matter consists of units that generate mechanical work by consuming energy 1.
Examples include living systems, such as assemblies of bacteria 2-5 and biological
tissues 6,7, biopolymers driven by molecular motors 8-11, and suspensions of synthetic
self-propelled particles 12-14. A central question in the field is to understand and control
the self-organization of active assemblies in space and time. Most active systems
exhibit either spatial order mediated by interactions that coordinate the spatial structure
and the motion of active agents12,14,15 or the temporal synchronization of individual
oscillatory dynamics 2. The simultaneous control of spatial and temporal organization is
more challenging and generally requires complex interactions, such as reaction-diffusion
hierarchies 16 or genetically engineered cellular circuits 2. Here, we report a novel and
simple means to simultaneously control the spatial and temporal self-organization of
bacterial active matter. By confining an active bacterial suspensions and manipulating a
single macroscopic parameter, namely the viscoelasticity of the suspending fluid, we
have found that the bacterial fluid first self-organizes in space into a millimeter-scale
rotating vortex; then displays temporal organization as the giant vortex switches its
global chirality periodically with tunable frequency, reminiscent of a torsional pendulum –
a self-driven one. Combining experiments with an active matter model, we explain this
striking behavior in terms of the interplay between active forcing and viscoelastic stress
relaxation. Our findings advance the understanding of bacterial behavior in complex
fluids, and demonstrate experimentally for the first time that rheological properties can
be harnessed to control active matter flows17,18. When coupled to actuation systems, our
millimeter-scale tunable, self-oscillating bacterial vortex may be used as a “clock
generator” capable of providing timing signals for rhythmic locomotion of soft robots and
for programmed microfluidic pumping19, for example, via triggering the action of a shift
register in soft-robotic logic devices20.
Suspensions of swimming bacteria (bacterial active fluids) are important for bacterial
dispersal and biofilm formation, and also offer a unique model system to study active
matter self-organization 5,21. Concentrated bacterial suspensions display intriguing
rheological properties not seen in equilibrium, such as vanishing apparent viscosity at
low shear 3,22. Although in nature most bacteria swim in viscoelastic fluids, the role of
viscoelasticity on bacterial dynamics, albeit considered theoretically 23,24, is largely
3unexplored experimentally. To examine whether fluid viscoelasticity modifies bacterial
self-organization, we added purified genomic DNA from E. coli (~4.6 M base pairs, mol.
wt. ~3.0x109Dalton) to dense suspensions of Escherichia coli cells (0.8 μm in diameter,
~2-4 μm in length, swimming speed of ~20-40 μm/s) (Methods). E. coli DNA (hereinafter
abbreviated as “DNA”) was chosen because it has unusually high molecular weight and
thus displays elastic response even at dilute concentrations 25. This dense suspension of
E. coli (~6×1010 cells/mL) was deposited on the surface of agar gel (Methods) to form a
disk-shaped liquid drop (~1.5 mm in diameter and ~20-30 µm in height at the center; Fig.
1a and Extended Data Figure 1a); the contact line of such a liquid drop is pinned to the
substrate.
When the DNA concentration was dilute, the bacterial suspension displayed a
disordered state with small-scale collective motion of cells (a few tens of µm) in the form
of transient vortices or jets 5, known as bacterial or mesoscale “turbulence” 4. When the
DNA concentration reached >~50 ng/µL, we observed that the entire bacterial
suspension drop rotated either clockwise (CW) or counterclockwise (CCW) at a constant
angular speed of ~0.1-0.15 rad/s, forming a millimeter-scale unidirectional vortex (Video
1; Extended Data Figure 1b). To avoid confusion with the transient microscale vortices
of bacterial turbulence, we refer to the millimeter-scale vortex observed here as “giant
vortex”. The collective velocity vectors obtained by particle image velocimetry (PIV)
were well aligned in the giant vortex (Fig. 1b), and the azimuthally averaged tangential
velocity increased with distance from the vortex center up to ~100-200 µm from the edge
(Fig. 1c; Extended Data Figure 1c). The normalized mean vortical flow (i.e. tangential
velocity averaged over the entire vortex; Methods) can also be used as an order
parameter to characterize the vortex state, and it is indeed found to be near unity (Fig.
1d; Extended Data Figure 1d). On average, bacteria move coordinately along the
advective drift in the giant vortex, reflecting the collective transport of the suspension,
since the ambient fluid is dragged along by the cells 5. Tracking of individual trajectories
also reveals local diffusive behavior in a frame comoving with the vortex (Fig. 1e;
Methods and Extended Data Figure 2a-b). Previously dense bacterial suspensions were
reported to self-organize into stable vortices with coherent cell motion; such vortices had
an upper size limit of ~100 µm, beyond which the collective motion became turbulent 21.
In stark contrast, the giant vortex we observed here is one order of magnitude greater in
4size, showing that additive DNA facilitates large-scale spatial ordering of bacterial active
fluids.
Strikingly, when the concentration of DNA was increased further (>~300 ng/µL), the
unidirectional giant vortex transitions into an oscillatory state, in which the global
rotational chirality switches between CW and CCW with a well-defined period (Fig. 2a,b;
Video 2-4). Meanwhile individual bacteria still displayed local diffusive behavior in a
frame comoving with the vortex (Extended Data Figure 2c). Numerical solution of the
continuum active matter model described below also reproduces the transition from
coherent to oscillatory vortical flows (Fig. 2c,d and Video 5-6). The oscillation dynamics
of the giant vortex is clearly seen in the temporal evolution of the mean vortical flow (Fig.
2b) and of the tangential velocity profile along the radial direction (Fig. 2e,f). The period
of chirality switching is accurate with <~20% error, as revealed by Fourier spectrum
analysis (Extended Data Figure 1e-g). Interestingly, the period of chirality switching can
be tuned by DNA concentration; it increased from ~10 s to ~50 s when the DNA
concentration was increased from ~300 ng/µL to ~800 ng/µL. Another important feature
of the oscillatory giant vortex is that it acts like a relaxation oscillator 26: the system
transits quickly towards tangential (or angular) velocity extrema and progresses slowly
away from the extrema, as manifested by the asymmetric shape of the velocity
oscillation in Fig. 2f and by the parallelogram-like trajectory in the phase space of
angular velocity and rotational angle (Fig. 2g). By contrast, the phase space trajectory of
a sinusoidal oscillation would have an elliptical shape. We further examined the
dynamics of global chirality switching of the giant vortex. At the initial stage of switching,
a local vortex with opposite chirality tended to emerge near the periphery of the giant
vortex (Fig. 3a). As the local vortex subsequently grew in size, a clear boundary with
prominent local vorticity (referred to as the “switching front”) was formed (Fig. 3b;
Methods). The space-time plot in Fig. 3c clearly shows the propagation of the switching
front (Fig. 3d).
Cell density is an important control parameter for bacterial collective motion and self-
organization 27. We found that there exists a critical cell density of ~3×1010 cells/mL
below which we could not observe the robust unidirectional giant vortex, nor the
oscillatory one. At any cell density above this critical value, there exist two threshold
5DNA concentrations marking the onset of spatial order (unidirectional giant vortex) and
temporal order (periodic switching of global rotational chirality of the giant vortex),
denoted as d1 and d2 respectively. Although unidirectional giant vortex could be
observed occasionally at DNA concentrations ~20-50 ng/µL (Extended Data Figure 3), it
only developed robustly at ~50 ng/µL for all cell densities, suggesting that d1 remains
fairly constant and can be approximately taken as ~ 50 ng/µL. We found that d2
decreases from ~400 ng/µL to ~60 ng/µL as cell density increases from 4×1010 cells/mL
to 8×1010 cells/mL (Fig. 4a). Moreover, as shown in the phase diagram of Fig. 4a, the
chirality-switching frequency of the oscillatory giant vortex decreases with increasing cell
density or DNA concentration over a 6-fold tunable range between ~0.02 Hz and ~0.12
Hz; the tunable range is primarily controlled by DNA concentration and to a lesser extent
by cell density. The amplitude of oscillations increases weakly with cell density and DNA
concentration (Extended Data Figure 4). These results demonstrate that, given
sufficiently high cell density, additive DNA polymers regulate both spatial and temporal
self-organization of bacterial active fluids.
To understand the mechanism underlying the self-organized oscillations, we model the
bacterial suspension as an active polar bacterial fluid coupled to a viscoelastic solvent
11,18,28. The local bacterial orientation is described by a polarization vector   coupled to
the fluid flow velocity   and the elastic stress    = 2 '  of the DNA polymer, with  '
the polymer storage modulus and   the strain. Assuming both the density of the
suspension and the bacteria concentration to be constant, a minimal description of the
active liquid crystal dynamics coupled to polymeric stress is given by
   +  ∙   =
1
 
 +    ∙  − 1
   '
   ∙  
[1]
     +  ∙   −   ∙   =−
1
  
   +2 ' 
[2]
with   =    +  ∙ , Ω ′ =    ′ − ′   /2 the vorticity tensor and S ′ =    ′ +
 ′   /2 the rate of strain tensor. The molecular field   =    −  0 −   2  +
 ∇2 , with  ,  > 0 and a single elastic constant , yields a transition from a
disordered (  = 0) to a polar ordered state with   =  0 =    − 0   at cell
6density   =  0. Vorticity and strain can rotate bacterial alignment   (the flow alignment
parameter   > 1 for elongated swimmers), with relaxation controlled by the rotational
viscosity  . The last term in Eq [1] is the simplest strain-polarization coupling, with   
an orientational relaxation time that controls the alignment of bacterial polarization to
polymer strain, similar to that in passive liquid crystal elastomers 29. The DNA is
modeled as a standard elastic medium, with Maxwell relaxation time    =  / ' and  
the shear viscosity. The flow velocity is determined by the Stokes equation that imposes
force balance, Γ  −  0  =   ∙    +   − Π, with Γ the substrate friction,  0
the bacteria swimming speed, and Π the pressure required to enforce incompressibility.
In the experiments the thickness of the bacterial drop is much smaller than its lateral size,
indicating that friction dominates over viscous stresses. The active stress is    =    ,
with   < 0 for pushers such as E. coli. As the active stress is proportional to the
average force dipole exerted by the swimmers, we expect  ~ . The dynamics is
controlled by three competing time scales: the Maxwell relaxation time   , the stress
alignment time   , and the active shearing time    = Γ  2 α , with   ~     a
characteristic length scale (as in active nematics 30). Numerical solution of the
continuum model (details described in the Supplementary Information Sec. III)
reproduces the transition from a global vortex state to an oscillatory state with periodic
flow reversal (Fig. 2c,d; Supplementary Information Fig. 2, Fig. 3; Video 5,6) and shows
that the transition is controlled by the interplay of these three time scales. An analytical
analysis of steady states and their stability (see Supplementary Information Secs. IV and
V) confirms the numerics and yields stability boundaries summarized in a phase diagram
in Fig. 4b (note that only the high concentration part inscribed by the black box is
relevant here). Briefly, increasing    (that grows with DNA concentration) at fixed cell
density, the system first transits from the turbulent state to polar laminar flow at    =
  ~   via suppression of the splay instability 1,31, corresponding to a unidirectional
giant vortex at a DNA concentration d1 (~50 ng/µL) essentially independent of cell
density in Fig. 4a, then to an oscillatory state at    =    ~  ~   2 with an oscillation
frequency  ~     ~1    at threshold, corresponding to the oscillatory giant
vortex at a DNA concentration d2 that decreases with increasing cell density in Fig. 4a.
The numerics also show that, although in the oscillatory state the bacterial polarization
only exhibits small transverse oscillations about its mean direction while the velocity
reverses, these transverse polarization fluctuations are responsible for the instability of
7the giant vortex (see Supplementary Information Fig. 2). This observation allows us to
map the nonlinear dynamics onto the FitzHugh-Nagumo model32, a well-known excitable
relaxation oscillator (Extended Data Figure 5 and Supplementary Information Sec. VII),
and show that the transition to spontaneous oscillations at   ~   is via a Hopf
bifurcation. Further details of the calculation and simulations can be found in the
Supplementary Information.
In the experiment,    indeed approaches    when the system transits to oscillations
(Extended Data Figure 6). Consistent with the experimental observations, the transition
to oscillations occurs at    ~    2, which decreases with increasing bacterial concentration
(activity) (Fig. 4a); and the oscillation frequency   decreases with addition of DNA (Fig. 4c;
Methods), since   increases with DNA concentration (Fig. 4d) and    is expected to behave
similarly. This feature is also corroborated by the fully nonlinear simulations
(Supplementary Information Fig. 3c-e). On the other hand,  also increases with activity,
hence with bacterial concentration. This is at odds with experiments that find that the
oscillation frequency decreases with bacteria concentration, but is a generic feature of
active matter models that display relaxation oscillation with 18,28 or without 17,33,34 added
polymer. It is unclear at present how this discrepancy may be resolved, but it suggests
that the effects of nonlinear viscoelasticity in active fluids deserve more attention.
Our model suggests that the ultra-long relaxation times (  ) of high molecular weight
DNA 25 is key to the spatial-temporal order we revealed. Indeed, we observed the
formation of giant vortices with other types of high molecular weight DNA with    on the
order of seconds, but not with viscoelastic polymers with    at the millisecond scale
(Extended Data Figure 7). Moreover, increasing medium viscosity tends to reduce cell
speed and does not promote the formation of giant vortices (Extended Data Figure 8).
In addition, the storage modulus ( ') of the polymer must be sufficiently large, such that
the resulting elastic stress can affect the collective motion pattern of the bacteria 35.
DNA viscoelasticity contributes to  ', but we found that bacterial suspensions without
additive polymers also display elasticity (~0.01 Pa) above cell density of about 4×1010
cells/mL (Fig. 4e; measured on the scale of ~100 μm), which coincides with the critical
cell density required for the onset of unidirectional giant vortex. Finally, we stress that
8spatial confinement is essential, as we could not observe the giant vortex in bacterial
suspension drops with a diameter above ~3.3 mm. Nonetheless, by varying the size of
suspension drops from ~1 mm to ~2.5 mm, we found that the threshold for the transition
from bacterial turbulence to the giant vortex (d1) is largely insensitive to confinement size
(Extended Data Figure 10).
Taken together, our results demonstrate that tuning fluid viscoelasticity provides a
simple means for manipulating the self-organization of bacterial active matter in space
and time. Bacteria in biofilms and animal gastrointestinal tracts often swim in
viscoelastic fluids abundant with long-chain polymers, including extracellular DNA 36.
Our findings suggest that, above a threshold bacterial density, the viscoelasticity of the
environment may modify the collective motion patterns of bacteria, thereby influencing
the dispersal of biofilms and the translocation of gut microbiome. We have developed a
minimal active matter model that explains our findings as arising from the interplay
between polymer viscoelastic relaxation and the rate of active forcing. Our work may
shed light on the role of environment viscoelasticity in other active systems, such as
cytoskeletal fluids 9,10 and active gels 11. It may also pave the way to the development of
a new class of adaptive self-driven devices and materials that exploits the feedback
between activity and viscoelasticity.
Methods
No statistical methods were used to predetermine sample size.
Two E. coli stains were used: HCB1737 (a derivative of E.coli AW405; from Howard
Berg, Harvard University, Cambridge, MA) and HCB1737 GFP (HCB1737 with
constitutive expression of green fluorescent protein encoded on the plasmid pAM06-tet
37 from Arnab Mukherjee and Charles M. Schroeder, University of Illinois at Urbana-
Champaign). E. coli genome DNA was purified with Genomic DNA Purification Kit from
Promega (Cat. No. A1120), following the protocol provided by manufacturer. DNA
concentration was measured by Nanodrop Spectrophotometer (Thermofisher).
Rheological measurements of bacteria suspension were performed in a rheometer
9(Anton Paar Physica MCR 301) or by microrehology measurement (Extended Data
Figure 9b) 38,39,40.
Collective motion of bacterial suspension was observed in phase contrast with a 4×
objective (Nikon Plan Fluor 4×, numerical aperture 0.13, working distance 16.5 mm)
mounted on an inverted microscope (Nikon Eclipse Ti). Recordings were made with an
sCMOS camera (Andor Zyla 4.2) at 30 fps. In all experiments the Petri dishes were
covered with a lid to prevent evaporation and air convection, and the sample
temperature was maintained at 30 °C using a custom-built temperature control system
installed on microscope stage.
The velocity field of bacterial collective motion  ( ,  ) was obtained by performing
particle image velocimetry (PIV) on phase contrast microscopy images using an open-
source package MatPIV 1.6.1 written by J. Kristian Sveen (http://folk.uio.no/jks/
matpiv/index2.html). The vortex order parameter, i.e. normalized mean vortical flow (P),
is defined as  ( ) =  ( ,  ) ∙   /| ( ,  )|  ,  , where    is the unit vector along
tangential direction (in the polar coordinate system whose origin is located at the center
of the suspension drop) and the angular brackets indicate averaging over polar
coordinates r and θ . P being equal to +1 (or -1) indicates perfectly ordered CCW (or
CW) vortex. Unidirectional giant vortexes typically have |P | >0.6 averaged over time.
Single cells were tracked for at least 10 s in fluorescent images using the MTrackJ
plugin developed for ImageJ. The background bacterial collective velocity field was
computed by performing PIV analysis on phase contrast images obtained
simultaneously with the fluorescent images. To compute the drift-corrected mean
square displacement (MSD) of single cells, the local advective drift was taken as the
average of bacterial collective velocity in a circular region with a radius of 15 µm and
centered at the tracked bacterium, and then the obtained local advective drift was
subtracted from the velocity of the cell. The resulted drift-corrected single-cell velocity
was integrated over time to find the drift-corrected displacement, which was further used
to calculate the MSD.
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Code availability. The custom codes used in this study are available from the
corresponding author upon request.
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Figures
Figure 1
Figure 1. Unidirectional giant vortex. (a) Phase contrast image of a bacterial
suspension drop. (b) Instantaneous velocity field of a unidirectional giant vortex. Arrows
and colormap represent collective velocity direction and magnitude, respectively
(Methods). DNA concentration, 200 ng/µL. Scale bars in a, b, 250 µm. (c) Time- and
azimuthally averaged tangential velocity   ( ) of the giant vortex in b plotted against radial
position. Error bars represent standard deviation. (d) Normalized mean vortical flow of
the giant vortex in b (Methods). (e) Diffusive behavior of individual bacteria in a giant
vortex. The mean square displacement (MSD) of cells was computed based on drift-
subtracted single-cell trajectories (Extended Data Figure 2). The diffusion constant D
obtained by fitting the MSD at t >2s to 4   was ≈ 317 μm2s−1. Inset: Original trajectories
of 11 representative cells (duration: ~ 25 s; +: starting point; ○: ending point), with the
dashed line indicating the boundary of the suspension drop. Also see Video 1.
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Figure 2
Figure 2. Oscillatory giant vortex. (a) Two snapshots of the velocity direction field of
an oscillatory giant vortex switching its global rotational chirality every ~35 s. DNA
concentration, 800 ng/µL. (b) Periodic chirality switching indicated by the oscillation of
normalized mean vortical flow (positive: CCW; negative: CW). (c) Two snapshots of the
numerically computed flow velocity from the model (Eqs. 1, 2) showing periodic reversal
for high viscoelastic relaxation time. Time here is denoted in units of the natural
relaxation time of the bacteria orientation    (Supplementary Information Sec. I). Arrows
and colormap represent velocity direction and magnitude, respectively. The velocity
vanishes on the boundary, and the horizontal arrows at the edge of the disc are a
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visualization artifact. (d) Time trace of the mean vortical flow (    =  ( ,  ) ∙     ,  ;
Methods) associated with simulation results in panel c displaying oscillations. (e)
Temporal evolution of the spatial profile of azimuthally averaged tangential velocity   
during chirality-switching. Colormap indicates time. (f) Time trace of azimuthally
averaged tangential (  ; black) and radial (  ; red) velocity computed near half radius of
the giant vortex (390 µm ≤ r ≤ 440 µm). (g) Phase space trajectory of the oscillatory
giant vortex in the plane of angular velocity   and rotational angle  .   is computed as
  /  in f, and   is computed by integrating  over time. Also see Video 2-6.
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Figure 3
Figure 3. Dynamics of chirality switching process in oscillatory giant vortex. (a)
Direction field of collective velocity at the initial stage of a chirality-switching event
showing the emergence of a local vortex with opposite chirality (Video 3). (b)
Propagation of the “switching front” (colored lines; Methods). Colormap indicates time.
Scale bars in a, b, 250 µm. (c) Space-time plot (kymograph) of the direction of collective
velocities chosen along 23  direction with respect to the +x axis in the coordinate system
of b. Colormap indicates the relative angle between collective-velocity and local radial
orientation (Methods). (d) The propagation speed of chirality switching front in c is
computed by fitting the scattered points of switching front.
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Figure 4
Figure 4. Phase diagram of spatial-temporal self-organization and rheology
measurement. (a) Phase diagram in experiment in the plane of cell density and DNA
concentration. The dashed line indicates the boundary between unidirectional giant
vortex (white domain) and oscillatory giant vortex (colored domain, with the colormap
indicating chirality-switching frequency). Grey domain is dominated by bacterial
turbulence. (b) Schematic phase diagram from linear instability analysis of the active
polar viscoelastic fluid model. We have taken the activity   and the Maxwell relaxation
time    as a proxy for the bacterial and DNA polymer concentrations, respectively. (c)
Chirality-switching frequency in a versus DNA concentration at a specific cell density 6 ×
1010 cells/mL. (d) Inverse of τp measured by microrheology as a function of DNA
concentration (Methods). (e) Storage modulus of pure bacterial suspensions versus cell
density (Methods; Extended Data Figure 9). Error bars in c,e indicate standard variation
(N=5 and N=10, respectively).
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Extended Data
Extended Data Figure 1. Height profile of bacterial suspension drop and further
characterization of giant vortices. (a) Height profile of a bacterial suspension drop.
The height (Z) at a specific position is measured as the vertical distance between the
uppermost and the lowermost focal planes where fluorescently-labelled cells can be
located. The height in the center of bacterial suspension drop is ~25 µm. Note that the
horizontal and vertical axes are of different scales, and the actual shape of the drop is
more flattened than it appears in the plot. (b) Instantaneous velocity field of a
representative CW unidirectional giant vortex. Arrows represent velocity direction
defined as  ( ,  ) =  ( ,  )/| ( ,  )|, where  ( ,  ) is the collective velocity of cells
obtained by PIV analysis (Methods), and colormap indicates the collective velocity
magnitude. The cell density was 6 × 1010 cells/mL, and DNA concentration was 200
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ng/µL. Scale bar, 250 µm. The chirality of unidirectional giant vortex is slightly more
CCW than CW (30:24). (c) Time- and azimuthally averaged tangential velocity   ( ) of
the CW giant vortex in b plotted against radial position. Error bars represent standard
deviation. (d) Normalized mean vortical flow of the CV giant vortex in b defined as
 ( ) =  ( ,  ) ∙     ,  , where    is the unit vector along tangential direction
(Methods). (e-g) Fourier analysis of mean vortical flow in oscillatory giant vortices. (e)
Fourier spectrum | ( )| of the mean vortical flow in main text Figure 2b computed by
Fast Fourier Transform. The frequency at the peak is ~0.030 Hz, and the full width at
half maximum (FWHM) is ~0.012 Hz. (f) Normalized mean vortical flow of an oscillatory
vortex with 9 periods. The cell density in the oscillatory vortex was ~6e10 cells/mL, and
DNA concentration was ~800 ng/µL. (g) Fourier spectrum of the mean vortical flow
shown in panel f. The frequency at the peak is ~0.026 Hz, and the FWHM is ~0.008 Hz.
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Extended Data Figure 2. Diffusive behavior of single cells in giant vortices. Note
that the MSD shown in main text Fig. 1e was based on drift-subtracted single-cell
trajectories, but not based on the original trajectories in the laboratory frame; specifically,
for any given cell the local advective drift of the giant vortex was subtracted from the
cell’s instantaneous velocities, then the drift-subtracted single-cell velocities were used
to reconstruct its trajectory in a frame comoving with the giant vortex, and finally the drift-
subtracted MSD was computed based on the reconstructed trajectories of all cells. In
other words, the drift-subtracted MSD shown in Fig. 1e represents fluctuations of single-
cell velocity with respect to the advective drift of the giant vortex. (a) MSD of individual
cells analyzed in Fig. 1e in the laboratory frame. In this unidirectional giant vortex, DNA
concentration was ~200 ng/µL, and cell density was ~6×1010 cells/mL. The MSD was
computed based on the original bacterial trajectories obtained by cell tracking (Methods)
without subtracting the advective drift. At short time scales (<~0.4 s), individual cells
underwent ballistic motion and fitting the MSD to 4    yielded the exponent α = 1.8. At
intermediate time scales (2.4 s < t < 3.5 s), the motion was dominated by diffusive
behavior (α ≈ 1.1). At longer time scales (4 s < t < 20 s), the influence of the advective
drift became dominant (α ≈ 1.3), since the Péclet number (Pe) of bacterial transport was
Pe = Lu/D ≈ 30≫ 1, where L is the vortex size (~1000 µm), u is the typical drift speed
(~10 µm/s), and D~300 μm2s−1. (b) Original bacterial trajectories (without subtracting
the advective drift) in the giant vortex analyzed in panel a and main text Fig. 1e (duration:
~ 25 s; +: starting point; ○: ending point). These trajectories were the same as those
plotted in Fig. 1e, but the starting points of all trajectories were moved to the same
position (black dot). Different color indicates different bacterium. Scale bar, 100 µm. (c)
Diffusive behavior of individual bacteria in an oscillatory giant vortex. The mean square
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displacement (MSD) of cells was computed based on drift-subtracted single-cell
trajectories. As shown by the drift-subtracted MSD, individual cells underwent ballistic
motion at short time scale (~ 1 s) and diffusive motion over longer time scales. The
diffusion constant D was obtained by fitting the MSD at t >2 s to 4   , yielding   ≈
110 μm2s−1 and α ≈ 1.1. In this oscillatory giant vortex, DNA concentration was ~500
ng/µL and cell density was ~6×1010 cells/mL. Inset: Trajectories of 14 representative
cells (+: starting point; ○: ending point). The time duration of each trajectory is ~28 s,
about one period of the oscillatory giant vortex.
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Extended Data Figure 3. Vortex order of bacterial suspension drop versus E. coli
DNA concentration. The diameter of suspension drops were ~ 1.5 mm. Cell density
was fixed at 6e10 cells/mL. (a) Scattered data points of vortex order (i.e. normalized
mean vortical flow) versus DNA concentration. Each data point represents the
normalized mean vortical flow averaged over a time window of ~20 s for one suspension
drop with specific DNA concentration. (b) Sigmoidal fit of normalized mean vortical flow
as a function of DNA concentration. The mean and standard deviation (error bars)
plotted in b were computed based on the scattered data points in a. The data in b was
fitted to modified sigmoid function  ( ) =  3
1+exp (− 1( − 2))
+ 4, where x represents the
DNA concentration and  ( ) represents normalized mean vortical flow. In principle,
DNA concentration threshold (d1) for the transition from bacterial turbulence to
unidirectional giant vortex could be computed by defining the giant vortex state as
having mean vortex order >0.6 (i.e. by solving     = 0.6). Nonetheless, due to large
variation of normalized mean vortical flow among suspension drops with identical
compositions below DNA concentration 50 ng/µL, the computed threshold d1 has large
uncertainty (30±18 ng/µL). So we take d1 of E. coli genomic DNA to be approximately
50 ng/µL when plotting the phase diagram in main text Fig. 4a.
25
Extended Data Figure 4. Dependence of mean-vortical-flow amplitude of oscillatory
giant vortices on cell density and DNA concentration. The mean-vortical-flow amplitude
of a specific oscillatory giant vortex is taken as the averaged absolute value of
extremums of the normalized mean vortical flow. (a) Contour plot of mean-vortical-flow
amplitude (indicated by the colormap) in the plane of cell density and DNA concentration.
Each data point in the contour plot is the average of mean-vortical-flow amplitude from at
least 3 oscillatory giant vortices with the corresponding DNA concentration and cell
density. (b) The mean-vortical-flow amplitude in panel a plotted against DNA
concentration at fixed cell density ~6e10 cells/ml. (c) Mean-vortical-flow amplitude in
panel a plotted against cell density at fixed DNA concentration ~600 ng/µL. Error bars in
b,c indicate standard deviation (N≥3). Overall, the mean-vortical-flow amplitude of
oscillatory giant vortices increases weakly with increasing DNA concentration and cell
density.
26
Extended Data Figure 5. (a) The mode structure as a function of    for fixed α,   
and  ~    . For    <   , we have one purely real unstable mode (Re(σ) > 0), while
for    >    , the unstable modes have a finite frequency of oscillation. (b) The phase
plane portraits in the   ⊥,    plane for the three different regimes-    <   ,    <
   <    , and    >    . We have included the leading gradient free nonlinear term
  ⊥
3 to saturate the polarization when unstable. This makes the system akin to the
FitzHugh-Nagumo model for    ≳    , leading to relaxation oscillations and excitability.
The black and orange lines are the nullclines, and the red line is a representative
trajectory that either converges to a fixed point or to a limit cycle. The red stars at the
intersection of the nullclines are stable fixed points (or foci), while the blue dots are
unstable fixed points (or foci). The labels to the three frames highlight the
correspondence between the nature of the dynamical state obtained from the FitzHugh-
Nagumo model and the states observed in experiments.
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Extended Data Figure 6. Ratio between active shearing time and DNA relaxation
time in giant vortices plotted against DNA concentration. The Maxwell relaxation
time of DNA solutions    was measured by microrheology (Methods). The active
shearing time scale    = Γ  2 α ~   2 in giant vortices cannot be computed
precisely, since the relevant parameters are unknown. Instead,    is estimated as the
inverse of shear rate associated with bacterial collective motion, i.e. the correlation
length of collective velocity field divided by mean collective speed. Cell density was
fixed at 4e10, 6e10 and 8e10 cells/mL for panels a, b and c, respectively. The mean
and uncertainty of each data point in the plots was computed based on the data of   
and    measured from at least 3 giant vortices. Overall,    approaches    when
unidirectional vortices transit to an oscillatory state, a result qualitatively consistent with
our active matter model.
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Extended Data Figure 7. High molecular weight DNA can give rise to giant
vortices. In addition to E. coli genomic DNA, lambda phage DNA (~48500 bp, mol. wt.
~ 3.15 × 107 Dalton; Sigma, cat. No. D9768) and salmon testes DNA (~ 2000 bp, mol.
wt. ~1.3 × 106 Dalton; Sigma, cat. No. D1626) were used here. The diameter of
suspension drops were ~1.5 mm. Cell density was fixed at 6e10 cells/mL. (a) DNA
concentration threshold (d1) for the transition from bacterial turbulence to unidirectional
giant vortex decreases with molecular weight (N) for the 3 types of DNA tested. The
transition DNA concentration threshold and its uncertainty (indicated by error bars) for
different types of DNA molecules was estimated based on sigmoidal fit of the normalized
mean vortical flow as a function of DNA concentration; see methods described in the
legend of Extended Data Figure 3b. (b-d) Normalized mean vortical flow of bacterial
suspension drop versus E. coli DNA concentration obtained (b: E. coli genomic DNA; c:
lambda phage DNA; d: salmon testes DNA). The data in these plots were obtained in
the same way as in Extended Data Figure 3b. The dependence of DNA concentration
threshold on molecular weight for the transition from bacterial turbulence to giant vortex
appears to be consistent with the power-law scaling predicted for the effect of a dilute
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polymer solution on flow alignment and nematic viscosity 41. We did not observe the
formation of giant vortices with either methyl cellulose (mol. wt. ~86 kDa; Sigma-Aldrich
cat. No. H7509) or PVP (mol. wt. ~360 kDa; Sigma-Aldrich cat. No. 81440), whose
relaxation times are at the millisecond scale. On the other hand, the chance of
developing oscillatory giant vortex were low in bacterial suspension drops supplemented
with lambda phage DNA and salmon testes DNA. In the concentration range of salmon
testes DNA we tested, we did not observe oscillatory giant vortex. For lambda phage
DNA, we observe oscillatory giant vortex in one suspension drop among a total of ~30
recorded at DNA concentration 500 ng/µL, and in two out of ~40 at DNA concentration
800 ng/µL. The reason could be due to the relatively small Maxwell relaxation time yet
large viscosity of these DNA solutions compared to E. coli genomic DNA solutions at the
same concentration. Indeed, as determined by microrheology measurement (Methods),
the relaxation time for salmon testes DNA solution at concentration as high as 4000
ng/µl was ~0.9 s, which is smaller than the relaxation time of E. coli genomic DNA
solution at 200 ng/µL (~2.0 s). The relaxation time for lambda phage DNA solution at
concentration 800 ng/µl was ~4.2 s, but its viscosity is substantially higher than 400
ng/µL E. coli genomic DNA solution with a comparable relaxation time (~3 s). In the
instability analysis, the unidirectional vortex transits to an oscillatory vortex when the
polymer relaxation time    grows larger than  II = 2   
2
 −1  −  
  (see Eq. 28 in the
Supplementary Information). In this expression,  II depends on the friction between the
fluid and the substrate  , and   is proportional to the total viscosity of the fluid. Hence
the  II for bacterial suspensions with 800 ng/µL lambda phage DNA is expected to be
higher than that for bacterial suspensions with 400 ng/µL E. coli genomic DNA.
Consequently the probability of having oscillations in bacterial suspensions with 800
ng/µL lambda phage DNA would be lower, even though the relaxation times    are
similar.
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Extended Data Figure 8. Effect of viscosity on bacterial collective motion in
suspension drops. The suspension drop diameter was ~ 1.5 mm. Cell density was
fixed at 6e10 cells/mL. (a) Mean vortex order of bacterial suspension drops without
additive DNA plotted against Ficoll (Ficoll 400, mol. wt. 400 kDa; Sigma, cat. No. F9378)
concentration. The mean vortex order of a specific suspension drop was computed as
the time average of absolute instantaneous vortex order (i.e. normalized mean vortical
flow) over a time window of ~20 s. (b) Average speed of bacterial collective motion in
suspension drops without additive DNA plotted against Ficoll concentration. For a
specific Ficoll concentration, the collective speed of a suspension drop was computed as
the time average of collective speed over a time window of ~20 s. (c) Mean vortex order
of bacterial suspension drops with additive DNA plotted against Ficoll concentration.
Neither stable unidirectional giant vortex nor oscillatory giant vortex could be observed at
Ficoll concentrations ≥2.5%. (d) Average speed of bacterial collective motion in
suspension drops with additive DNA plotted against Ficoll concentration. In panels c
and d, black (or red) color indicates the experiments with DNA concentration 200 (or 800)
ng/µL, which normally supports the development of unidirectional or oscillatory giant
vortices, respectively. Error bars in a-d indicate standard deviation (N≥5 suspension
drops).
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Extended Data Figure 9. Dynamic modulus of pure bacterial suspension and DNA
solution. (a) Dynamic modulus of pure bacterial suspension measured by rheometer as
a function of frequency (Methods), showing viscoelasticity consistent with Kelvin–Voigt
model. The measurement was made on the scale of ~100 μm, comparable to the length
scale of bacterial collective motion. Open circles represent storage modulus (G’); solid
circles represent loss modulus (G’’). Colormap indicates cell density. The elastic
modulus of bacterial suspension measured in the range of ~ 0.1-1 Hz was used to
compute data points in Fig. 4e in main text. (b) Dynamic modulus of DNA solution
measured by microrheology (Methods). Dash line represents storage modulus (G’);
solid line represents loss modulus (G’’). Colormap indicates DNA concentration. The
DNA solution behaves as Maxwell material. Note that the viscosity η of DNA solutions
obtained from our microrheology measurement is much higher than that of water (e.g. η
~0.106 Pa·s at DNA concentration 200 ng/μL; Methods). The fact that cells were able to
swim at a normal speed of ~20-30 μm/s at DNA concentrations we tested here suggest
that swimming bacteria induce strong shear thinning effect in DNA solutions.
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Extended Data Figure 10. Confinement effect on the development of giant vortex
state. (a) Bacterial suspension drops do not form giant vortices without confinement.
Without spatial confinement (e.g. in centimeter-scale bacterial swarming colonies),
dense bacterial active fluids can display collective oscillatory motion as reported
previously 5. There is distinct difference between the collective oscillatory motion and
the oscillatory giant vortex described in this paper. The collective oscillatory motion
arises from diffusive coupling of random trajectories, rather than from viscoelastic
stresses; its emergence does not require additive DNA, and the oscillation frequency is
independent of cell density as shown in the plot here (error bars indicate standard
variation; N=5). In addition, collective oscillatory motion does not form a vortex: The
collective velocity field is uniform both in direction and magnitude over several
millimeters at any instant. (b,c) Oscillation frequency (panel b) and vortical flow
amplitude (panel c) in oscillatory giant vortices plotted against confinement size (i.e.
diameter of suspension drops). Each dot in b,c represents the data from one
suspension drop with the specified size. Both the oscillation frequency and vortical flow
amplitude appear independent of confinement size. Cell density was fixed at ~ 6e10
cells/mL and E. coli genomic DNA concentration was fixed at ~ 300 ng/µL. (d-f) DNA
concentration threshold for the transition from bacterial turbulence to unidirectional giant
vortex plotted against confinement size in the case of E. coli genomic DNA (panel d),
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lambda phage DNA (panel e) and salmon testes DNA (panel f). The DNA concentration
threshold and its uncertainty (indicated by error bars) were estimated based on
sigmoidal fit of normalized mean vortical flow as a function of DNA concentration; see
methods described in the legend of Extended Data Figure 3b. Cell density in d-f was
fixed at ~ 6e10 cells/ml. Taken together, spatial confinement is necessary but not
sufficient for giant vortex development.
